Introduction
The Special Law for Countermeasures against Dioxin, enforced in January 2000, has newly added dioxin emission levels as Japanese environmental regulation limits to exhaust gases from the sintering process. The formation mechanism of dioxins has not yet been fully elucidated because of the complexity of reactions and the difficulty of their measurement, but many findings on it have been obtained so far by energetic studies mainly based on the collaborative Research Project for Suppression of Dioxin Emissions from Sintering Process (SDD Project). 1) Kasai et al. 2) clarified the mechanisms of the formation of dioxins by de novo synthetic reaction in the drying zone in the sintering bed and their volatilization and diffusion into exhaust gases from the sintering machine. It was also made clear that, in this synthetic reaction, carbonaceousmaterials 3) and copper and other metal catalysts 4) could accelerate the reaction.
Studies have been made also from the viewpoint of how dioxins produced in the sintering bed are released into sintering machine exhaust gases. Reports of studies made on commercial sintering plants include those by Putz and Gudenau, 5) Fisher et al., 6) and Kasai et al., 7) and they reported the phenomenon of the concentrative release of dioxins seen at the strand positions near the burnt-through point (hereinafter called BTP). Although the macroscopic behavior of dioxins seen in this phenomenon can be explained by a model 7, 8) where dioxins formed in the sintering bed move downwards and are condensed as the flame front descends, many detail phenomena remain yet to be elucidated by further analysis and study. In the report of Kasai et al., 7) the emission patterns of dioxins and main exhaust gas components are detailed, and their relation to reactions in the sintering bed are discussed. However, showing discontinued emission profiles in final wind boxes, emissions after peaks in the patterns are difficult to understand. This paper pays attention to the behavior of dioxin emission after BTP, and discusses the mechanism of dioxin formation based on the results of the measurement made under the intentionally prearranged conditions.
Conventional Mechanism of Dioxin Formation and
Its Problems Figure 1 shows a pattern of dioxin emission in the latter part of the sintering strand, which the authors imagined considering the dioxin concentration phenomenon in the sintering bed. 7, 8) Dioxins are mostly produced in the drying zone of the sintering bed and are moved downward along with the gas flow. As they move downward, the dioxins are captured in the wet zone and are therefore scarcely released from the sintering bed. Only when the drying zone reaches the grate, as the sintering is kept on, are they released into the sintering exhaust gases. This dioxin emission model can reasonably explain the intensive emission of dioxins in the Recent studies concerning the dioxin emission from the iron ore sintering process have clarified a dominant mechanism of dioxin formation and the substances to promote or to inhibit the reaction. In this paper, a detailed analysis of the exhaust gas at the Oita No. 1 sintering plant has specified the strand positions where dioxins were released into the exhaust gas. The release of dioxins was detected at two different positions. The first release position was located at the point where the drying zone reached the hearth layer, showing a broad peak containing a large amount of furans. The second release position was located at the point where the melting zone reached the heath layer, showing a sharp peak. Differences in dioxin congeners at the release positions imply a different mechanism of dioxin formation. The dioxins of the second release are considered to be formed in wind boxes at temperatures of 300°C or more. Controlling the burn through point to the discharge end is supposed to be effective for decreasing the dioxin emission in the second step.
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latter half of the sintering machine.
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Behavior of Dioxin Emission in Commercial Sin-
tering Plant Prior to the investigation, the authors analyzed the relation between the amounts of dioxins emitted from the stacks and the temperature of certain wind boxes, concerning the Sintering Machine A having a suction area of 400 m 2 and the Sinter Machine B having a suction area of 600 m 2 . Figure 2 shows the results. Those wind boxes are located at positions of the strand where the gradient of the exhaust gas temperature is steep, and the temperature of the wind box is used for BTP control in usual operation. BTP is a point denoting the position of the strand when the burning of coke breeze is completed in the sintering bed. As sensors are not sufficiently provided in actual commercial plants, the easily measurable exhaust gas temperature is often used instead of it. In other words, the wind box temperature is used to determine that BTP has shifted to the raw mixture feeding side if the temperature has come up or that, on the contrary, it has shifted to the discharging side if the temperature has come down. It should be noted here that the location of the No. 17 Wind Box of the Sintering Machine A corresponds to the 77.5-82.5 % section of the strand length, and the No. 24 Wind Box of the Sintering Machine B to the 75.0-78.0 % section thereof.
From Fig. 2 , positive relations are seen between the certain wind box temperatures and the concentrations of dioxins emitted from the stacks of both of the sintering machines. This means that the more BTP shifts to the raw mixture feeding side, the higher is the concentration at which dioxins are emitted. Generally, as BTP shifts to the raw mixture feeding side, unreacted air (leak air) which is sucked into the strand area outside BTP increases; consequently, the apparent concentration of burnt exhaust gases such as SO X and NO X decreases. For dioxins, there must be some cause that increases their concentration high enough to annul the concentration reducing effect of the leak air, but this phenomenon cannot be explained simply by the emission of dioxins produced in the sintering bed. A similar tendency is seen also when TEQ (Toxicity Equivalence Quantity)-converted values are plotted. The location of BTP, therefore, presumably has a substantial effect on the emission of dioxins.
Testing Method
Sintering Machine and Operating Conditions
In Table 1 lists the sintering machine operating conditions. For the purpose of this test, with an aim of better grasping the phenomenon of exhaust gas component emission near BTP, the operating conditions were prearranged such that the productivity target was set lower by 3 % and BTP was shifted toward the raw mixture feeding side 5 % further than in usual operation. The prearrangements assured greater release of dioxins and enabled the measurement of dioxin emission over BTP, which had been difficult on account of Fig. 1 . A schematic image describing the release of exhaust gas components.
Fig. 2.
Relations between the wind box temperature and the total amount of dioxins and furans. restriction by strand length. It should be noted that the prearranged conditions are not special but within an easily adjustable range in usual operation.
Exhaust Gas Analysis
10 wind boxes (No. 9 and No. 13 to No. 21) in the latter half of the strand were selected, and exhaust gases from each of the wind boxes were analyzed. A gas sampling hole was made in exhaust duct branch piping approximately 4 m below the wind box, the exhaust gas flow rate was measured, dust was sampled, and main exhaust gas components were analyzed. In the exhaust gas analysis, CO 2 , O 2 and moisture were measured quantitatively as indices of sintering reaction progress, and SO X , NO X , dust and dioxins were also measured as environment-related control substances. For dust, the quantity of alkalis and chlorines were analyzed, with a view to examining chloride release behavior. For dioxin, all congeners other than Co-PCB were determined quantitatively by number of chlorines in accordance with the JIS specification. In addition, when sampling from the No. 17 and No. 19 wind boxes and the main duct entrance to the stack, we filtered the sampled gases as hot as they were, took dusty and gaseous samples, and quantitatively determined dioxin contents in them. Figure 3 shows the results of the measurement of the exhaust gas temperatures and the exhaust gas flow rates. The exhaust gas temperature was higher than 100°C in wind box No. 16 and was highest in wind box No. 20. The exhaust gas flow rate per unit suction area markedly increased Figure 4 shows the measurements of O 2 , CO 2 and moisture contents in the exhaust gases. The exhaust gas component pattern indicates that the combustion of fine coke was almost completed near wind box No. 17 and that the main portion of the exhaust gases in and after No. 18 wind box was sucked air.
Results of Exhaust Gas Analysis
Emission Patterns of General Exhaust Gas Components
in wind boxes No. 20 and No. 21.
Emission
Patterns of NO X , SO X and Dust Figure 5 shows the measurements of NO X , SO X and dust in the exhaust gases. NO X showed a similar emission pattern to that of CO 2 Figure 5 also shows the analytical values of the alkali contents and the chlorine content of the dust sampled from each of the wind boxes. The data show that high-alkaline and high-chlorine dust was intensively released in wind box No. 18, unlike the other wind boxes. Figure 6 shows the distribution of the released dioxins and furan. Both dioxins and furan showed a high peak in wind box No. 19. Furan was released broadly in the wind boxes from No. 13 to No. 21, and a moderate peak of its re- 3 . The exhaust gas temperature and the gas velocity calculated by the gas flow rate divided by the suction area at each wind box.
Emission Pattern of Dioxins
Fig. 4.
Concentrations of oxygen, carbon dioxide and moisture in the exhaust gas at each wind box. lease was seen in No. 17 wind box. The lower section of Fig. 6 shows the cumulated amount of dioxins released in the wind boxes from the raw mixture feeding side. Known from this is that the amount of dioxins released in the wind boxes up to No. 17, inclusive, was 37 mass% of the total dioxins released, and that the remaining 63 mass% were released in the remaining wind boxes. Figure 7 shows the distribution of the released dioxins and furan, classified by the number of chlorines. For furan, the number of chlorines differs from wind box to wind box: the main was the 4-chlorine type in wind box No. 17, and the 6-chlorine type in wind box No. 19. For dioxin, 6-to 8-chlorine types were seen much in wind box No. 19 where there was a peak. Table 2 lists the analytical values of the dioxin divided into a dusty type and a gaseous type. The dioxin was mostly in a dusty state in wind box No. 17 where the exhaust gas temperature was low, but was mostly in a gaseous state in wind box No. 19 where the exhaust gas temperature was high. In the main duct immediately before the entrance to the chimney, both the dusty and the gaseous dioxins were present by halves.
Discussions
Dioxin Formation in the Course of Exhaust Gas
Component Release Figure 8 summarizes the results of the exhaust gas measurement of the test. Based on the results, the internal state of the sintering bed in the second half of the strand and the phenomenon of the release of the gas components are discussed in this section.
It seems that the drying zone begins to reach the grate surface near the sintercake discharge side of wind box No.
15 when the exhaust gas temperature reaches 100°C. Thereafter, the exhaust gas temperature keeps on rising slowly, and the wet zone almost disappears within the scope of wind box No. 17 as we understand by reading the moisture change. The dust ascent and the dioxin ascent in the first stage near No. 17 wind box are probably due to the loss of the capability of capturing them in the sintering bed as a result of the disappearance of the wet zone.
From the results of the O 2 , CO 2 , and NO X measurements, the combustion of the fine coke seems to have been almost completed before it reached No. 17 wind box. This may consequently indicate that, in the furthest area on the sintercake discharge side of wind box No. 17, the coke combustion zone no longer existed and a high temperature zone of over 1 000°C expanded up to the hearth layer. Nevertheless the wind box exhaust gas temperature rise was relatively slow because the sensible heat was consumed to increase the heat of the hearth layer and the grate.
From the next wind box, No. 18, high-alkali and highchlorine dust was affluently discharged. KCl and NaCl, which are considered to have been the main components of the discharged dust, have a high melting point of 770°C and 801°C, respectively, and a high boiling point of 1 510°C and 1 413°C. In order to volatilize them, a condition near the highest temperature in the sintering bed is required. In wind box No. 18, therefore, the highest part of the sintering temperature must have reached up to the grate surface. This result agrees with the discussions of Kawaguchi et al. 9) on the volatilization of chlorine.
In wind box No. 19, which comes after the chlorine release peak, the second-stage peak of dioxin release was observed. As regards dioxin generated in the wind boxes close to the sintercake discharge end, Tan and Neuschuetz 10) theoretically suggested the possibility of its generation in the cooling process in the cooling zone, but no report has ever been made on it in commercial sintering equipment. The reason may be that, in production using sintering machines having a small number of wind boxes or in production where BTP was near the sintercake discharge side, two phenomena occurred in one wind box and these two could not be separately detected by usual measurement. Figure 9 shows the rates of composition, by numbers of 18, where the first-stage peak was seen, show a characteristic distribution of decreasing composition rate with an increasing number of chlorines, 4 chlorines being the highest. In No. 19 and subsequent wind boxes, where the secondstage peak was seen, dioxins were more, and furans showed different congeners. It is reasonable, therefore, to consider that the dioxins in the two groups of wind boxes were produced by different reaction mechanisms. Kasai et al. 7) analyzed the congener patterns of dioxins of commercial sintering plants. Using the same analytical process, we summarized the congener patterns of dioxins obtained in our test. Figure 10 shows the results. The congener pattern of dioxins in wind box No. 17 exhibits characteristics similar to those of the pattern Kasai et al. 7) analytically obtained with the sintering machine, so it is highly probable that the dioxins were produced in association with general combustion reactions in the sintering bed. By contrast, the dioxins from wind box No. 19 show a unique congener pattern featuring high-chlorine dioxins such as 1234678-H7CDD and O8CDD, and the dioxin release mechanism is not known well. In the dioxin congener pattern in the main duct where both of them were present in a mixed state, It seems that the 7-and 8-chlorine dioxins and 5-and 6-chlorine furans resemble the congener pattern of USINOR introduced by Kasai et al. 7) Considering these, it may be assumed, as a hypothesis, that the mingling of dioxin produced in the sintering bed with dioxin that originated in another source diversifies the congener pattern in each of the sintering machines.
Characteristics of Dioxin Congeners
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Dioxin Release Mechanism in the Second Stage
For dioxins in the second stage, their release mechanism is not at all clear so far, and it is very difficult even to form a conjecture. In wind boxes numbered higher than No. 19, the highest temperature zone, which is much higher than the dioxin release temperature range (300-500°C), 11) reached the grate surface. In addition, for chlorine, its release was almost completed in the wind boxes up to No. 18, and the supply source is unidentifiable.
The following two sources are conceivable for the supply of carbon and chlorine for the formation of dioxins in the second stage. One is the coke combustion zone that contains an unsintered area where coke combustion remains incomplete until it is discharged on account of sintering fluctuations. The incomplete combustion is often confirmed by the observation of sintered cakes on the discharge side. It is probable that small amounts of carbon and chlorine are supplied from this zone to cause a dioxin formation such as the de novo synthesis reaction in the wind box. Although they are supplied in very small amounts, they are long exposed to a critical temperature zone, as long as several seconds, and may therefore be concentrated to a high level.
The other source is grease and dust deposits on the inside surfaces of the wind boxes. Sealing grease is constantly fed to the slide surfaces of the sintering pallets. This grease loses its viscosity as it is heated in the latter half of the strand, is sucked into the wind box, and is deposited on its inside walls. A small amount of chlorine contained in the grease and dust caught on the deposited grease are likely to cause dioxin generation slowly and progressively. Kawaguchi et al. reported the memory effect 12) of chlorine that remained in the wind box in their pot sintering test, seen in the form of re-volatilization and re-diffusion of the chlorine in the drying process. Effects of said deposits in commercial operation need to be further analyzed in detail.
Dioxins released in front of BTP are reducible in quantity by strengthening the control of chlorine content or oil content in the raw materials for sintering, but different means of control is necessary for decreasing dioxins produced in the second stage. A practically effective means may be an appropriate control of the BTP position. It should be a control for setting a target BTP on the sintercake discharge side within the tolerances of the operating conditions in terms of product yield, strength, exhaust gas temperature, and so on. Seeing that the purpose of the control is reducing the space of dioxin generation, its effectiveness is assumable from the relation shown in Fig. 2 . For high-productivity operation, BTP will be set on the utmost discharge side right from the start since the sintering rate cannot permit otherwise. For low-productivity operation, however, BTP may be set on the raw mixture feeding side of the strand as in the test being discussed. The operation results, shown in Fig. 2 , clearly show that the BTP position is varied on account of various factors, and seem to indicate that holding BTP stably on the discharge side can restrain dioxin release to a certain extent.
Conclusion
With attention paid to the behavior of dioxin emission released from the latter part of the sintering strand, the dioxins and other gas components were closely analyzed. From the results, the following conclusions have been derived.
(1) Dioxin release into exhaust gas was confirmed in the first stage where the drying zone reached the hearth layer and in the second stage where the high temperature zone reached the hearth layer.
(2) Judging from the distribution of the dioxins released in the second stage, the mechanism of their formation is considered different from that of the dioxins formed in the first stage. In the second stage, the dioxins might have been produced in the wind boxes, with organic substances and chlorine supplied from incompletely sintered areas or with grease and dust in the wind boxes.
(3) Setting BTP on the sintercake discharge side in order to thereby diminish dioxin generation space is considered effective in restraining dioxin formation in the second stage.
